Anomalously large decrease in spontaneous emission is observed in gain-guided vertical-cavity surface-emitting lasers after the onset of lasing. By analyzing two-dimensional profiles of the lasing mode and carrier density, we found that this unexpected phenomenon originates from the contraction of transverse lasing mode size. Under the condition of the constant modal gain, it is explained that the above-threshold average carrier density could decrease in contradiction to the general understanding. Unless this anomalous effect is taken into account properly, nontrivial errors could occur in determination of the external quantum efficiency. © 1996 American Institute of Physics. ͓S0003-6951͑96͒01116-X͔ In semiconductor lasers, the clamping of carrier density above threshold is directly related to the clamping of optical gain. This clamping phenomenon has been observed directly by measuring the constancy of above-threshold spontaneous emission which is directly proportional to the square of the carrier density in an active region. However, this clamping condition can be broken under certain physical circumstances. In edge-emitting semiconductor lasers, the decrease of spontaneous emission was reported in the early seventies 1 and explained from the effect of saturable absorption by some unknown traps.
In semiconductor lasers, the clamping of carrier density above threshold is directly related to the clamping of optical gain. This clamping phenomenon has been observed directly by measuring the constancy of above-threshold spontaneous emission which is directly proportional to the square of the carrier density in an active region. However, this clamping condition can be broken under certain physical circumstances. In edge-emitting semiconductor lasers, the decrease of spontaneous emission was reported in the early seventies 1 and explained from the effect of saturable absorption by some unknown traps. 2 However, the saturable absorption is not the only possible explanation for the phenomenon, since the decrease of spontaneous emission and/or carrier density does not always mean the decrease of optical loss.
If carrier density has a nonuniform spatial profile as in the vertical-cavity surface-emitting laser ͑VCSEL͒, the change of lasing mode size will result in the change in the transverse confinement factor and modal gain. For example, imagine that the larger portion of carriers are concentrated at the central region as the lasing mode size shrinks. Then, the condition of constant modal gain can be satisfied with smaller average carrier density because the larger fraction of photons can see the higher carrier density in the central region. In this case, the above-threshold carrier density does not have to remain clamped. This phenomenon could happen in gain-guided VCSELs where the lasing mode shrinks with increasing current, by thermal lensing effect. 3, 4 Experimentally, the spontaneous emission is monitored from one of the nearest neighbor VCSELs in reverse bias used as a photo-detector ͓Fig. 1͑a͔͒͒. In this configuration, only small portion of the total spontaneous emission is collected laterally. And it is assumed that the photo-detector signal is in linear proportion to the integrated total spontaneous emission intensity. 5 We observe significant decrease in spontaneous emission after lasing in continuous wave ͑CW͒ operation as shown in Fig. 1͑b͒ . The down arrows in Fig.  1͑b͒ indicate the points of lasing onset. The reductions are about 19%, 11%, and 3.4% for 10-m, 15-m, and 20-m window diameter VCSELs, respectively. The test samples are MBE-grown proton-implanted 850-nm VCSELs. 6 To show how this anomalous phenomenon is related with the change of transverse confinement factor, we measure the 2-D profiles of both the lasing mode and the spontaneous emission. The 2-D profiles of lasing mode (͉⌿(r)͉ 2 ) are imaged onto CCD camera with magnification by a factor of 100 by a 20ϫ objective lens and the 1-D profiles through the center are shown in Fig. 2 . The lasing mode profiles are well fitted to the Gaussian function. The contraction of the lasing mode is noticeable. This lensing effect originates from the spatially nonuniform change of refractive index with ohmic heating in the window region of VCSELs. 3, 4 As one increases current, the positive thermal lensing effect becomes larger. Consequently, the wave guiding effect becomes stronger as well.
To obtain carrier distribution, the 2-D profiles of spontaneous emission are also measured from the normal direction to the VCSEL plane by the CCD camera. To block the intense lasing spectra around 850 nm, a 300-m-thick undoped bulk GaAs substrate is used as a long-wavelength pass filter. 7 Therefore, the CCD monitors the spontaneous emission longer than 875 nm in wavelength. The 2-D profile of carrier density distribution (N(r)) can be obtained from this spontaneous emission ( P(r)) 4,7 as,
where, B is the radiative recombination coefficient (cm 3 /sec), and c is a proportionality factor. Actually, the c coefficient depends on the injection current level, since the spontaneous emission spectra moves toward a long wavelength with temperature permitting the larger fraction of the spontaneously emitted spectrum pass through the undoped GaAs filter. Then, the c coefficient at threshold (c th ) can be obtained from the following equation, ), and C is the Auger recombination coefficient (cm 6 /sec). The B coefficient and the C coefficient are 1ϫ10 Ϫ10 and 5ϫ10
Ϫ30
, respectively. 8 And for our samples, the A coefficients are measured to be 1.8ϫ10 8 and 1.1ϫ10 8 for 10-m and 15-m VCSELs, respectively.
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Then using c th obtained from Eq. ͑3͒, the distribution of threshold carrier density N th (r) is deduced from Eq. ͑1͒. The material gain (G) of quantum wells is reported to be fitted well to the logarithmic function of carrier density. 9 We borrowed the empirical formula obtained for 80-Å GaAs quantum well for our 100-Å quantum well as, G͑r ͒ϭ3000 ln ͩ where, ͉⌿(r)͉ 2 is the profiles of lasing mode intensity, and the ⌫ L is the longitudinal confinement factor of about 0.053 for our VCSELs. From Eqs. ͑4͒ and ͑5͒, the calculated threshold modal gains of 10-m and 15-m VCSELs are 103 cm Ϫ1 and 100 cm Ϫ1 , respectively. Here, let's set up an assumption that the cavity loss does not decrease above threshold. This assumption means that the above-threshold modal gain G modal should remain the same as that at threshold, since the modal gain equals the cavity loss above threshold. Then, at particular current I above threshold, the modal gain G I modal is calculated by Eq. ͑5͒ with an initial value of c I in Eq. ͑1͒. If the calculated G I modal is different from the threshold modal gain, the G I modal is calculated again with a modified value of c I . This process is iterated until the G I modal converges to the threshold modal gain. The factor c I , the carrier density N I (r), and the material gain G I (r) also converge to their own values during this process. The obtained G I (r)'s are plotted in Fig. 2 . One can see the reduction of gain at center as well as the contraction of lasing mode in Fig. 2 . The contraction of lasing mode compensates the reduction of material gain, which yields the same modal gain in the overlap integration. Now we are ready to calculate the total spontaneous emission rate (S I ) at each current level (I) above threshold by the following equation, where the P I (r) are the measured 2-D profiles of spontaneous emission above threshold. Note the c I is the proportionality factor obtained under the assumption of modal gain constancy. The calculated and normalized spontaneous emission rates from Eq. ͑6͒ are plotted as solid circles in Fig. 3 . The solid lines in Fig. 3 are the measured data reproduced from Fig. 1͑b͒ . The decreasing trend of calculated spontaneous emission agrees well with that of the measured one. This agreement supports our logic that the anomalous spontaneous emission is mainly due to the change in spatial overlap between the gain and the optical field, and not mainly due to the cavity loss decrease. However, the small discrepancy between the calculated and the measured spontaneous emission in the 10-m VCSEL implies that there may exist some optical losses which really decreases after onset of lasing. One of such losses could be the diffraction loss.
It is interesting to observe that above a certain current level, the spontaneous emission does not decrease any more. We think that since the carrier density distribution becomes flatter as the lasing intensity increases as shown in Fig. 2 , the contraction of lasing mode does not increase the transverse confinement factor any more. And the carrier density in edge region starts to increase slowly yielding the spatial hole burning. 4, 10 Similar argument can be used to explain the relatively smaller decrease of spontaneous emission in 20-m VCSELs. The carrier density distribution in 20-m VCSELs is more uniform than that of the smaller VCSELs. Therefore, the effect of the lasing mode contraction on the transverse confinement factor is relatively weaker as compared to the smaller devices.
It is also important to note that, if the modal gain remains constant with smaller average carrier density, excess carriers not used to maintain the modal gain should recombine stimulatedly and couple out of the laser cavity in the form of excess photons. In this case, seemingly higher-thannormal slope efficiencies will be registered. The CW L-I and spontaneous emission curves of a 15-m VCSEL are shown in Fig. 4 . The slope efficiency is 1.5 mW/mA and 0.6 mW/mA at 2.7 mA and 3.0 mA, respectively. The unusually high slope efficiency of 1.5 mW/mA is due to the anomalous decrease of spontaneous emission. Therefore, the external quantum efficiency is better to be estimated in the region where spontaneous emission is clamped. And the more reasonable value of the slope efficiency should be 0.6 mW/mA.
In conclusion, anomalously large decrease in the spontaneous emission is observed in gain-guided VCSELs after the onset of lasing. Assuming the constancy of the modal gain, this phenomenon is explained by the change in overlap between gain and field, which is experimentally verified from the measured 2-D profiles of the lasing mode and the spontaneous emission. Some laser parameters such as the external quantum efficiency may easily be misestimated if this phenomenon is overlooked.
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